by measuring alveolar concentrations: theoretical approach using a mathematical model. The uptake, distribution, and elimination of tetrachloroethylene were studied using a mathematical model, and predicted alveolar concentrations were compared with experimental data. Because of its high fat solubility the solvent accumulated in adipose tissue with a predicted biological half-life of 71P5 hours. The relation between the alveolar concentrations and the level or duration of exposure was discussed. The alveolar concentrations of tetrachloroethylene during and after similar exposure were predicted in subjects who differed in age,bodyweight, height, and body fat content, both at rest and during physical effort. Predictions were made of the alveolar concentrations following exposures to steady and variable concentrations in ambient air, and following exposures of several weeks of the type occurring in industry. It was concluded that measurement of the postexposure alveolar concentrations could be used to estimate the mean exposure to tetrachloroethylene in most industrial situations.
Maxfield, Mullin, and Smith, 1971; Azar, Reinhardt, Maxfield, Smith, and Mullin, 1972; Di Vincenzo, Yanno, and Astill, 1972; Hunter and Blair, 1972; Sherwood, 1972) and our study of tetrachloroethylene (Fernandez and Guberan, 1974) , the question arose as to whether alveolar air measurements could be used to control industrial exposure.
In this paper a mathematical model has been developed to predict uptake and distribution of tetrachloroethylene in the body and its elimination in the alveolar air. Various situations likely to arise in industry have been simulated.
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Methods Physiological parameters In order to be able to compare measured and predicted results, the mean values of our 25 experimental subjects (Fernandez and Guberan, 1974) for age, body weight, and height were taken as the values of a standard man (Table 1) . His cardiac output, blood volume, respiratory frequency, and functional residual capacity were calculated from the tables in the literature (Brandfonbrener, Landowne, and Shock, 1955; Sjostrand, 1962; Cotes, 1965) , and the ventilation-perfusion ratio was assumed to be 1.
Tissue groups
Body tissues were grouped according to Eger (1963a) into four compartments-the vessel-rich group (VRG) (corresponding to brain, heart, hepatoportal system, (VA) .. 7 litres/min 1Brandfonbrener et al. (1955) ' Sjostrand (1962) 'Cotes (1965) kidneys, and endocrine glands), the muscle group (MG) (muscle and skin), the fat group (FG) (adipose tissue and yellow marrow), and the vessel-poor group (VPG) composed of the connective tissue (bone, cartilage, ligaments, etc.) , and also the lung tissue, with a volume of 0 5 litre. The volume and perfusion of each tissue group are given in Table 2 .
Partition coefficients
The blood-gas partition coefficient of tetrachloroethylene is about 9 (Morgan, Black, and Belcher, 1970) . Its oilblood coefficient is unknown but probably close to that of trichloroethylene, which is 107 (oil-gas coefficient 960 (Mapleson, 1963) ) and average blood-gas coefficient about 9 (Morgan et al., 1970; Mapleson, 1963) . We have no data on the other tissue-blood partition coefficients and it was assumed that they approach those given by Eger (1963a) for the highly fat soluble halothane which are respectively 2-5, 3-5, and 1-0 for the VRG, the MG, and the VPG.
Quantitative analysis
The above data were used in the mathematical model the equations of which are given in the Appendix. A program to solve this system of equations was written in Fortran IV. Biotransformation of tetrachloroethylene is only of the order of 2% (Daniel, 1963; Ogata, Takatsuka, and Tomokuni, 1971) and was therefore neglected.
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Results and discussion
Uptake and elimination by the tissue groups As can be seen in Fig. 1 , predicted uptake of tetrachloroethylene by the tissue groups is related to their perfusion rate ( (Fig.  2) . Similar phases are observed for any inert gas inspired at a constant tension, differences in the duration of the phases being related to the blood and tissue solubility peculiar to each gas (Kety, 1951 These phases are related to the exchanges of the solvent occurring simultaneously in the body (a) between ambient air and alveolar gas, (b) between alveolar gas and pulmonary blood, and (c) between peripheral blood and tissue groups. The first phase corresponds to a high uptake rate for exchanges (a), (b), and (c), the respective tension gradients being high. As the VRG becomes saturated, venous tension rises rapidly with a corresponding decrease of alveolar-venous tension gradient and a rapid rise of alveolar tension. The inflection of the curve (second phase) corresponds to the final phase of the VRG saturation. During the third phase the progressively low increase of alveolar tension is related to the lower respective tension gradients and therefore the lower uptake rates for exchanges (a), (b), and (c).
During elimination the same three phases occur with the fall of alveolar tension and would give the mirror image of the alveolar curve during uptake if complete saturation had occurred.
Biological half-life The actual distribution of the solvent to the tissue groups during and after 8 hours of exposure to 100 ppm is shown in Figure 3 . At the end of exposure half of the solvent taken up by the body has been distributed to the fatty tissue, due to its high tissueblood partition coefficient and despite its still low tissue tension. The respective distribution of the solvent to the other tissue groups is related to their volume and partition coefficient and therefore is higher for the MG than for the VRG and the VPG. After exposure, the depletion of these three groups of tissues is almost complete after about 20 hours and the ensuing elimination in alveolar air is related to the slow release of solvent from adipose tissue. Beyond about 20 hours of elimination the rate of discharge of the tetrachloroethylene from the adipose tissue and therefore from the whole body is an exponential function of time, predicted biological half-life being 71-5 hours. Kety (1951) , the shape of the curve of alveolar saturation and desaturation of an inert gas is independent of the constant inspired concentration.
This law no longer applies to higher inspired concentrations than those usually met in industry, as shown by Eger (1963b) for anaesthetic gases. As we have seen, alveolar concentration is not proportional to the duration of exposure since its rise is much more rapid during the first phase of uptake. This is of practical importance since, in industrial hygiene control, level and duration,ofexposure have apparently the same 'weight.' In fact, the total quantity of tetrachloroethylene taken up by a continuous monitoring instrument will be the same for exposures of 8 hours to 50 ppm or of 4 hours to 100 ppm. But this does not correspond to the same quantity of solvent penetrating the body as 3 hours 15 minutes are sufficient to reach half of the whole body uptake during 8 hours (Fig. 3) . In addition, if the tetrachloroethylene concentration in the brain and other organs such as liver and heart (the VRG) is responsible for the symptoms of poisoning, it should be noted that the concentration in the VRG after 34 minutes of exposure is already half that reached in 8 hours (Fig. 2) .
Comparison with experimental data
The accuracy of the many mathematical models used to predict uptake and distribution of various anaesthetics has been recently discussed by Cowles, (Fernandez and Guberan, 1974) of six subjects. Borgstedt, and Gillies (1972) . In our model, we had to assume that the tissue-blood partition coefficient for adipose tissue was the same as that for trichloroethylene. For the other tissue groups we chose the most probable partition coefficient. Our results (Figs 4 and 5) show that the computed curves described hereafter are of the same order of magnitude as the real ones.
Repeated exposure In industry, exposure often occurs Monday to Friday, 4 hours in the morning (8 to 12 am) and 4 hours in the afternoon (1 to 5 pm). Due to the incomplete elimination of the solvent from fatty tissue during the night (other tissues being almost depleted during this period) the alveolar concentration curve shows a slight daily increase during the week (Fig. 6 ).
When such exposure is repeated during several weeks, the uptake by fatty tissue during the working hours of the week will equal the elimination during the nights and the weekend from the fourth week on. Then, the Monday to Friday 8 am partial pressure in fatty tissue will vary from 15% to 23% of the constant partial pressure in ambient air, and the partial pressure in alveolar air from 5 % to 8 % (Fig.   0   7 ). This is the case for all of the following weeks of ____,___,________ the year ( (Brandfonbrener et al., 1955) and ventilation with age lowers alveolar concentrations to a slightly greater extent. Nevertheless, even the addition of both factors has a negligible influence on the postexposure alveolar curve of the solvent.
Physical effort
The effect of doubling the ventilation in the same subject during a physical effort is shown in Figure  9 . For the 14 litres/min of alveolar ventilation, the cardiac output was assumed to be 11 litres/min (Asmussen, 1965) and the frequency of respiration 18/min (Cotes, 1965) . If the higher ventilation continues during the postexposure period the higher uptake is compensated by a faster elimination and both postexposure curves differ slightly. (1) and when doubling his ventilation during a physical effort (2). parameters were calculated for that body weight in the same manner as before. Since more blood would be drained to the fatty tissue, the percentage of the cardiac output to tissues was estimated to be 71 1 %, 172 %, 10.3 %, and 1-4 % for the VRG, MG, FG, and VPG respectively. As expected, obesity will lower the alveolar concentrations during uptake but slow down the elimination. Nevertheless, as shown in Fig.  10 , differences of alveolar concentration during elimination between normal and obese subjects are relatively small. Figure 11 shows computed curves of alveolar concentration for an exposurewhich alternates hourly between 50 ppm and 150 ppm, or between 150 ppm and 50 ppm during 8 hours, and that for a steady exposure to 100 ppm for the same period. Mean exposure being the same, the hourly variations have little influence on the postexposure curve. However, this result does not apply to conditions where the concentrations fluctuate too much during exposure.
Variation of inspired concentration
In that case, the postexposure alveolar concentrations might be more influenced by the concentration in ambient air during the last period of exposure than by the mean exposure. Figure 12 . We believe that such a method could be widely applied in controlling exposure to tetrachloroethylene and to other inert vapours and gases in industry, provided the concentrations in ambient air do not vary too much during exposure.
Use ofgraph ( CAmV/CInsp. This is the ratio of the actual alveolar concentration to the mean concentration of tetrachloroethylene in the ambient air to which the subject was exposed. 
APPENDIX Mathematical model
During each respiratory cycle (the duration of which is dt) exchange of solvent occurs until the state of equilibrium is reached: I between compartment 1 = alveolar gas, and compartment 2 = pulmonary blood + lung tissue II between compartment 1' = peripheral blood, and compartment 2' = body tissues (divided in four tissue groups). According to Henry's law, equilibrium I depends on the blood-gas partition coefficient 1 of the solvent, and equilibrium II on the tissue-blood partition coefficient (for each tissue group).
This exchange can be summarized by the following equations:
Ci Vl + C2 V2 = Wlo + W20 Wi = Ci Vi W2 = A C1 V2 = C2 V2 where V1 and V2 are the volumes of the compartments, W10 and w20 are the quantities of solvent in the compartments before equilibration, Ci and C2 are the final concentrations, Wt and W2 the final quantities of solvent in the compartments after equilibration, and A is the partition coefficient.
(1) The lung tissue-gas partition coefficient is assumed to be the same as the blood-gas partition coefficient (Eger, 1963a The assumptions on which such a mathematical model is based have been discussed by several authors (Eger, 1963a; Mapleson, 1963; Kety, 1951; Cowles et al., 1972) . The main assumptions are: (a) there is no limitation of diffusion between alveolar gas and pulmonary blood or between peripheral blood and tissue groups, and equilibrium is reached almost instantaneously; (b) alveolar ventilation, rates of blood flow, and other physiological or physical parameters are constant unless stated otherwise; (c) concentration within each compartment, particularly within each tissue group, is uniform; (d) there is no diffusion ofsolvent between tissue groups; (e) there are neither unventilated alveoli nor arteriovenous shunts; (f) the respiratory quotient is 1.
